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Electrical and electronic device insulation systems experience multiple stresses
while in service. Insulation design engineers usually make attempts to study the behavior
of insulation under multiple stresses to keep the size and weight of the electrical
insulation at a minimum.
In this thesis, magnet wire insulation properties under multiple stresses are
studied. Magnet wires are used for insulation in transformers, flyback transformers,
solenoids, sensors, motors, adjustable speed drives etc. The magnet wire insulation under
study in this work is micrometers thick, yet they are expected to provide high breakdown
strength, good windability, and resistance to moisture. Accelerated life tests are
performed on two different AWG 43 magnet wires. Combined Weibull ElectricalThermal life models and Electrical-Thermal-Frequency life models were successfully
verified in this work. The statistical information like lifetime characteristics, probability

of failures, and lifetime percentiles determined for the two different magnet wire
insulation is helpful for a better understanding of their insulation properties.
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CHAPTER I
INTRODUCTION

1.1 Introduction
Electrical insulation provides electrical isolation, mechanical support, heat
dissipation energy, energy storage, and personel safety. Solid, liquid, and gaseous
insulations exist. Electrical failure in solid insulation is permanent while failure in liquid
and gas insulation systems may not be permanent. Therefore, solid insulators are of most
interest in aging studies. Solid insulation is used in electrical devices like capacitors,
transformers, cables, transmission lines, motors, and electronic devices like flyback
transformers used in television, computer monitors, and ignition coils, solenoids, and
sensors. The failure of this equipment is because of the breakdown of electrical insulation
in the presence of degrading stresses, such as electrical, thermal, and frequency.
Analyzing the lifetime of insulation is very important under multistress conditions
because lifetime analysis of electrical insulation provides statistical information like
failure time percentiles, probability of failures, and lifetime characteristics [1-5].
Lifetime analysis of electrical insulation can be analyzed in two ways. One
approach is to study the physical breakdown process of insulation and, with the help of
mathematical models, estimate the lifetime of the specified insulation at any desired
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stress [6,7]. For example, relating length of treeing which resulted in the breakdown of
insulation to the time-to-breakdown and estimating the lifetime under any desired stress.
Another widely known approach in practice is the statistical analysis of time-tofailure data obtained due to the presence of degrading stresses, such as electrical, thermal,
mechanical, and other environmental factors. In this method, the time-to-breakdown is
measured through life tests. The results are analyzed using suitable probability
distribution. Mathematical models are used to estimate the lifetime of the specified
insulation at any desired stress.
In the previous years, multistress life models were developed at Mississippi State
University High Voltage Laboratory. In this thesis, experiments were carried out on new
insulating materials to verify the life models developed at Mississippi State University.
Increased competition forces insulation design engineers to reduce the size and
weight in order to remain competitive. Low weight and size of insulation systems are
possible through a thorough understanding of the properties of insulation materials. The
diverse conditions under which the electrical or electronic apparatus used necessitate
careful design of insulation. To achieve reliability and to develop a better product, a
thorough knowledge of the cause for insulation deterioration is essential. Insulation
design engineers decide the test method to be followed in studying the lifetime analysis
of insulation. Under normal service conditions, it may take several years or decades for
the insulation to fail, which is a very long period to make a study. An alternative method,
which is in practice, is to use accelerated test conditions to perform lifetime analysis of
insulation. Increased pulse voltage, frequency, and temperature together make accelerated
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test conditions. This technique is widely employed because of its effectiveness, its
timeliness, and cost effectiveness [8,9].
The measured time-to-breakdown through accelerated life tests were analyzed
with an underlying probability distribution. The probability distribution estimates are
used to calculate the lifetime measures at any desired stress level. The time-to-breakdown
measured at a higher stress level is mapped to a service stress level. A mathematical
model is used to map the lifetime from high stress level to normal stress level. The
mathematical model can be a linear, an exponential or an inverse function depending on
the insulation material [1,8-14].

1.2 Background
Electrical insulation plays a major role in deciding the final size of various
electrical and electronic equipment. Magnet wires with micrometer insulation thickness
came into existence in recent years. Such magnet wires are used in transformers,
converter transformers, flyback transformers, sensors, ignition coils, solenoids, TV’s,
computer monitors, cathode ray tubes, drives, and motor windings [15,16].
Magnet wire consists of a copper, or aluminum conductor and an insulation
coating over the conductor. The magnet wire insulation arrangement plays a major role in
deciding the size of electrical and electronic equipment. Magnet wires are either arranged
in layers separated by a dielectric material or wound on a plastic bobbin. Layer
arrangement helps in making the electric field more uniform. The enamel (insulation)
coat over the conductor serves mainly as an inter turn insulation. In any equipment the
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aging or failure of interturn insulation leads to over-heating and reduced efficiency.
Polyester insulation wires are being increasingly used in automobile and motor industries
and they are characterized by their ability to be used at temperatures substantially higher
than Polyvinyl Formal (PVF) [16,17].
Sensors, drives, ignition coils, transformers, computer monitors, and TV’s are
designed to operate at different temperatures and pulsating voltages. Insulation
experience different stress at various points as a result of the presence of a non-uniform
field. As a result, magnet wire insulation is expected to possess high dielectric strength,
able to withstand high temperatures and pulse voltages. Other objectives of the insulation
are to provide protection from adverse environmental factors [16].
Magnet wire must be able to withstand high stress because it experiences pulse
voltages as high as 30 kV when it is used in applications like CRT, computer monitors,
and television. The cathode ray tube (CRT) for computer applications, has a high demand
for clear image. In order to get a high definition-scanning, the scanning line is increased
and horizontal deflecting speed becomes high. Applying a high frequency deflection
gives two undesirable influences to magnet wire, one is the higher temperature caused by
heat and the other is voltage endurance decrease because of the increase in frequency.

1.3 Flyback Transformer
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A flyback transformer operates conveniently in the range of 103 to 106 Hz. It is
designed to store energy in its magnetic circuit. Voltages applied to a flyback transformer
on the primary side are pulse waveforms. Flyback transformer boost the pulse voltage
from 120 V (for a TV) on primary side to 20 ~ 30 kV on secondary side. In this approach,
the magnet wire insulation used in flyback transformers experiences the effect of high
voltage electrical stress.
High definition scanning in computer monitors and televisions obtains a better
picture quality. Very high frequencies are associated with the applied pulse voltage in
such applications. Care should be taken so that saturation of transformer core will not
result in the damage of switching device usually a transistor. Frequencies used in flyback
transformers for various applications are listed in table 1.1 below:

Fig.1. Flyback Transformer Schematic with Pulse Voltage
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Table 1.1: Applied Pulse Frequencies of Flyback Transformer [1]
Use of CRT

TV

Number

of Horizontal Deflection

Scanning Lines

Frequencies (kHz)

General (60HZ)

525

15.7

General (50HZ)

625

15.6

HDTV (60HZ)

1125

33.8

HDTV (50HZ)

1250

31.3

Various

24 ~ 50

Various

60 ~ 90

Monitors Computer
Display

The aging performance of magnet wire enamel is one of the most important
parameters affecting its reliability in service. The insulation films in equipment
employing magnet wires experience sustained electrical stresses of considerable
magnitude, high temperatures due to the presence of weak points in addition to the
environmental stress due to moisture ingress, dust, chemical agents etc. More often, these
stresses in service are present simultaneously at the same point in time. The effect of such
multifactor stress degrades the insulation much more rapidly than when the stresses are
present in isolation.
In the case of flyback transformers, a fast rising pulse leads to the saturation of
the transformer core which in turn results in the damage to the transistor. The pulsewidth modulated, variable speed drive is one of the newest and fastest evolving
technologies in non-linear devices used in motor drive systems because the speed control
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of drive systems is due to a low loss of torque. The wire insulation in the inverter-fed
motors is no longer experiencing a traditional sine wave voltage that is a steady state
condition with a maximum and a RMS value, but experiencing a pulse-wave with
significant harmonics and transients. These spikes, resulting from the combined factors
like fast-rise-time and high frequency cause premature failure of winding insulation.
Hence low duty cycles are used to prevent the fast rise of current.

1.4 Program of Study
This research work attempts to determine the lifetime characteristics of the
insulation used in two different magnet wires. The magnet wire samples used in this
work:
•

Estersol insulated AWG 43 single build magnet wire

•

Polyesterimide insulated AWG 43 single build magnet wire
The second objective of this research is to verify the combined Weibull life

models, the electrical-thermal-frequency life model and to estimate the lifetime of the
electrical insulation system of the magnet wires under study when exposed to multistress
conditions including voltage and temperature at high pulse frequencies. The lifetime
models are based on the combination of underlying probability distribution (Weibull
distribution) of the time-to-breakdown with a multistress lifetime model. The parameters
of the life model are estimated by using ALTA software (Accelerated Life Testing
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Analysis). ALTA software employs the maximum likelihood and the least squares
technique to estimate the parameters using the experimental failure data.
Increased temperature and modified thermal gradients due to dielectric losses
depend on voltage, frequency, and material properties. In extreme cases, thermal
instability may occur. Electrical stress that magnet wire experience is a result of the
existence of pulse voltages with
•

Fast rising pulse voltages

•

Repetitive pulse voltages

•

Short duty cycles

The fast rising and high frequency steep voltage fronts have detrimental effects:
•

Uneven voltage distribution across windings

•

Rise in temperature due to high frequency dielectric losses

The magnet wire insulation failure is attributed to:
•

Partial discharge between turn-to-turn insulation

•

Manufacturing defects

•

Presence of voids

Very little published literature exists on how to perform accelerated life tests on magnet
wire insulation in the presence of repetitive pulse voltages [18-21]. Accelerated life tests
were conducted at Mississippi State University High Voltage Laboratory on fine gauge
magnet wires under pulse voltages and elevated temperatures.

9

This thesis provides information on the lifetime characteristics of fine gauge
magnet wires used for insulation purposes. The twisted pair magnet wires are subjected to
accelerated tests under multistress. This thesis also verifies the generalized electricalthermal-frequency life model, capable of estimating the lifetime of magnet wire
insulation over a wide range of pulse voltages, temperatures, and frequencies.
A pulse endurance dielectric test system (DTS – 1500A) is used in this work to
conduct accelerated life tests. It has the ability to test five samples at a time. Pulse
voltage, frequency, temperature, and duty cycle are shared by all five channels but rise
time and over current is variable for each channel. The DTS-1500A test system can
supply 1600 V in bipolar mode, 200 Hz to 40 kHz is the frequency range, temperatures as
high as 180o C, and duty cycle of 95%.
In this work, chapter II gives information on the Weibull probability distribution,
and different techniques in practice to calculate parameters at high stress level. Chapter
III gives a brief review about different single and multi stress life models. Chapter IV
discusses disadvantages associated with various available techniques to calculate
parameters, the need for probability plotting at each stress level and this chapter also
discusses combined Weibull life model. Chapter V describes the test set up and discusses
the results. Chapter VI gives the conclusion of the work done in this thesis.

CHAPTER II
WEIBULL PROBABILITY DISTRIBUTION

2.1 Introduction
The design of insulation systems is deterministic in nature. New materials were
evaluated for characteristics such as breakdown voltage, tensile strength, temperature and
several other factors. These values are given by considering similar materials in service
and track record of such materials. Statistical testing based on probability replaced
deterministic testing since it is observed that time-to-failure is varying for identical test
samples. Another reason for statistical analysis is that the applied stress will not be
constant. Besides, safety factors used in the deterministic approach are often changed to
save cost of production. Since a statistical method takes all factors into account, it helps
in developing new insulation systems that are more economical.
Weibull distribution is the most widely used distribution in studying the
breakdown behavior of the insulation used in solid dielectrics and in reliability studies
[22-24]. Weibull distribution is a life distribution used to model times-to-failure of
electrical insulation. It encompasses both increasing and decreasing hazard rates, and has
successfully been used to describe the initial failures as well as the wear out failures. The
wide popularity of Weibull distribution can be attributed to its ability to model data for
different shape parameters (β).

The main reason for consideration of the Weibull
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distribution is that it has been shown experimentally to provide a good fit for many
different types of characteristics. Representation of times-to-failure of electrical
insulation through Weibull distribution enables us to determine the associated statistical
information such as the lifetime characteristics, the probability failures, and the failure
time percentiles at any desired stress. Three different types of Weibull distribution are in
use. These types are three-parameter Weibull distribution, two-parameter Weibull
distribution, and mixed Weibull distribution. Among the three available types of Weibull
distribution, two-parameter Weibull distribution aids in studying the statistical behavior
of electrical insulation. Another advantage of using two-parameter Weibull distribution
in lifetime studies is that it is a convenient way of representing voltage-time (V-t)
characteristics [1].

2.2 Two-parameter Weibull distribution is given by

βt
f (t;α , β ) =  
α α 

β −1

  t  β 
exp−   
  α  

  t  β 
F (t;α , β ) = 1 − exp−   
  α  

F (t;α , β ) = 0

t≥0
t<0

Where
t is the time-to-breakdown
α is the scale parameter
β is the shape parameter, F is the probability of failure

(2.1)
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Two-parameter Weibull distribution is characterized by shape parameter (β) and
scale parameter (α). Scale parameter (α) is usually the lifetime at 63.2% probability
failure. Shape parameter (β) is defined as the dispersion in the measured times-tobreakdown. F (t) is the failure probability of the samples, which were tested initially
where t is the time-to-breakdown.

2.3 Weibull Distribution Density Function
In Weibull distribution, the probability distribution for failure time can be
characterized by a cumulative distribution function and a probability density function.
The cumulative distribution function (cdf) of T, F (t) = Pr (T<= t) gives the probability
that a unit will fail before time t (seconds). The cumulative distribution function (cdf) is
the proportion of units in the population that will fail before time t (seconds). The
probability density function (pdf) represents the frequency of failure times as a function
of time.

Fig. 2.1: Different Shape Parameters Configuration
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Shape parameter plays a major role in describing the insulation. If the shape
parameter β is greater than 1, then the failure in the insulation is attributed to natural
aging of the magnet wire. If the shape parameter β is less than 1, then the failure in
insulation is attributed to a technical defect in the manufacture of the electrical insulation
used in magnet wire. See Figure 2.1

2.4 Probability Plotting
Probability plots are considered to be important tool for analyzing the time-tobreakdown data obtained through life tests. Probability plots can assess the adequacy of a
particular distribution model. They help in providing nonparametric graphical estimates
of probabilities and distribution quantities. Parameters of the model can be estimated
either graphically by fitting a straight line through the points on a probability plot or
analytically using the least square and the maximum likelihood estimation.

2.5 Probability Density Function and Cumulative Density Function
pdf and cdf are statistical functions used in reliability. When these two statistical
quantities are known, almost all quantities (failure rate) in reliability studies can be
obtained. If X is a continuous random variable, then the probability density function pdf,
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of X is a function f(X) such that for two numbers, a and b with a ≤ b
b

P(a ≤ X ≤ b ) = ∫ f ( x )dx

(2.2)

a

This equation represents the probability that X takes a value in the interval [a, b] is the
area under the density function from a to b as shown below. pdf represents the relative
frequency of failure times as a function of time. This is shown in Figure 2.2

Fig. 2.2: pdf characteristic

The cumulative distribution function, cdf, is a function, F (x), of a random
variable X, and is defined for a number x as follows:
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s

F ( x ) = P( X ≤ x ) = ∫ f (s )ds

(2.3)

o

For a number x, F (x) is the probability that the observed value of X will be at most x.
The cdf represents the cumulative values of pdf . It is a measure of probability that the
item will fail before the associated time value, t, also called unreliability as shown in
Figure 2.3

Fig. 2.3: cdf characteristic
Generally, cumulative distribution (cdf) from different distributions has similar
shapes. Thus distinguishing, by eye, among cdf’s from different distributions is difficult.
Probability plots use special scales on which a cdf of a particular distribution plots a
straight line.
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The plot of t versus F (t) can be linearized by finding transformations of F (t) and
t such that the relationship between the transformed variables is linear. Then the
transformed axes can be relabeled in terms of the original probability and time variables.
The data scale is usually a log scale or a linear scale, depending on the distribution and
type of probability plot. The probability plot was developed initially to allow data
analysts to plot data, obtain estimates, and assess the fit of a particular model by
comparing it with a straight line.

2.6 Criteria for Choosing Plotting Positions

Due to a poor choice of plotting positions, the line obtained by maximum
likelihood or least squares technique may not fit the plotted points. The criteria for
choosing plotting positions depend on the application or purpose for constructing the
probability plot. The criteria for choosing plotting positions is based on the following
conditions:
•

Checking Distributional Assumptions: Probability plotting is used to check if the
observed data are well approximated by the postulated parametric distribution
F (t, θ). For this purpose, some bias in the slope and location of the fitted line is
not a serious problem. For this reason, in assessing distributional assumptions, the
choice of plotting positions in moderate-to-large samples is not seen as so
important.

•

Estimation of Parameters: If the purpose of the probability plot is to use a fitted
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line to estimate parameters of a particular distribution by using the slope and intercept of
a line drawn through the data points, the best plotting positions will depend on the
assumed underlying model and the functions to be estimated.
In order to construct a probability plot, the non-parametric estimate F (t) is plotted
on the probability scales. The usual procedure is to plot an estimate of F (t) at the
probability of failing at that time. The data must be ordered from smallest to largest and a
probability of failure is calculated using the median plotting position relationship given
below:
F (t i) = (i – 0.3) / (n + 0.4)

(2.4)

Where F (ti) is the percentage of failed samples, i is an order of failed sample (rank), and
n is the total number of samples tested.

2.7 Assess Distribution

Fig. 2.4: Weibull Cumulative Probability Distribution
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If the plotted points for a stress level tend to follow a straight line, then the
distribution appears to describe the time-to-failure data adequately. In this work, the
number of samples used for testing are typically small in number (11 specimens) at each
stress level and it should be noted that the plots appear erratic if the chosen distribution
does not describe the data adequately. Figure 2.4 shows that MLE solution does not track
the plotting points as MLE solutions are completely independent of rank approximation
method.

2.8 Parameter Estimation of Weibull Distribution

Scale parameter (α) and shape parameter (β) associated with Weibull distribution
are responsible for the characteristic Weibull probability density function. Scale and
shape parameters are determined from the experimental data. Weibull parameters can be
obtained either graphically on a probability plotting paper or analytically using either
Least Squares (LS) or Maximum Likelihood (ML) estimation techniques. Detailed
explanation about graphical and analytical techniques is given in the following sections.

2.8.1 Graphical Technique
Graphical technique is one of the two available techniques used in estimating
Weibull parameters [10]. In this approach, the measured time-to-breakdown at each stress
level is plotted on a probability plotting paper. The uniqueness of the probability plotting
paper is that its ordinate axis employs a non-linear scale corresponding to the cumulative
probability of failure and the abscissa employs a log scale to represent the time-to-
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breakdown. The purpose of such probability plotting paper is to linearize the measured
time-to-breakdown. The data is ordered in the ascending order of time-to-breakdown and
then a cumulative probability of the breakdown to each point is calculated using median
rank approximation method. If the plotted data fits a straight line, the chosen distribution
is valid and the slope of the line also called as shape parameter (β) can be obtained. The
scale parameter is the time required for a cumulative probability of 63.2% samples to fail.
This approach in estimating Weibull parameters is simple, and yet it is a very time
consuming process. It should be noted that this procedure is to be repeated at each stress
level.

2.8.2 Disadvantages Associated With Graphical Technique
•

The statistical uncertainty of analytic estimates can be given objectively by means
of confidence intervals. Confidence interval is important because inexperienced
data analysts tend to think estimates are more accurate than they really are. On the
other hand, graphical estimates impractibility is often apparent.

•

Ability to plot a straight line through a given set of time-to-failure points differs
from person to person. Such plots may result in errors while estimating the
parameters.

•

Sufficient number of failures must be observed at each stress level. Observing
large number of failures is not possible all the time.

•

On the whole, graphical method is used to construct probability plots, as it is quite
time consuming.
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2.8.3 Analytical Technique
The Weibull parameters namely scale parameter and shape parameter, can be
obtained by least squares technique or maximum likelihood technique. Both of these
techniques try to fit the experimental data into a straight line.

2.8.4 Least Square Technique (LS)
The least square technique is a linear regression estimation technique that fits a straight
line to a set of data points, in an attempt to estimate the parameters associated with the
straight lines. The parameters are estimated such that the sum of the squares of the
vertical deviations from the points to the line is minimized according to [1-5].

(

~
J = ∑ a~ + b xi − yi
N

i=1

( ) (

)

2

~ N
~
= min a~ ,b ∑ a~ + b xi − yi
i=1

)

2

(2.5)

Where a~ and b~ are the LS estimates of a and b, and N is the number of data points. To
obtain the estimates, performance index J is differentiated with respect to a and b as
shown below.
Equating both equations to zero,
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(

)

N
N
N
~
yi − yi ) = −∑ ( yi − ~
yi ) = 0
∑ a~ + b xi − yi = ∑ ( ~

i=1

(

)

i=1

(2.6)

i=1

N
N
N
~
yi − yi ) = −∑ ( yi − ~
yi ) = 0
∑ a + b xi − y i ∑ ( ~

i=1

i=1

i=1

(2.7)

Where ~
yi is the maximum likelihood estimates of yi.
Solving Eq. (2.5) and Eq. (2.6),
N

a~ =

∑ ( yi )

i =1

N

N

∑ ( xi )

~
− b i =1
N
N

N

N

∑ xi ∑ y i

∑ xi yi − i =1

~
b = i =1

(2.8)

i =1

N

 ∑ x 
N
2
 i =1 i 
∑ xi −
i =1
N
N

2

(2.9)

Thus LS technique when used to find the parameters gives a good measure of
fitness to the assumed distribution (Weibull distribution). The disadvantage with LS
technique is that it cannot be applied for complex distributions, since in some cases;
using LS technique will not linearize the functions.
2.8.5 Maximum Likelihood Estimation(MLE)
Maximum likelihood Estimation technique is another regression technique used
in finding the parameters associated with straight lines. The theory behind MLE is that t,
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time-to-breakdown represents a continuous random variable, and is represented in two parameter Weibull distribution as follows:

 β  t 
f (t ; α , β ) =    
 α  α 

β −1

  t β 
exp  −   
  α  

(2.10)

Where α and β need to be estimated. Let N be the number of independent failures
at times t1, t2, ….tN in a given sample, then the joint density likelihood function is given
by [1-5]:

(

)

~

N

~

β −1

β t 
~
L t1,t2,...,tN α~, β = L = ∏ f (ti ;α, β ) =∏ ~  ~i 
i−1
i−1α α 
N

~

  t β 
exp−  ~  
 α  

(2.11)

The logarithmic likelihood function is:
~

~

~ β −1 
β 
N
N β  t 
t
~


Λ= lnL = ∑ln f ti;α~, β = ∑ln ~  ~i  exp− ~i  
 α 
i=1
i=1 α α 
   


(

)

( 2.12)

The parameter estimates α and β are obtained by maximizing L or Λ. ML estimates are
obtained by equating the partial derivatives of Λ with respect to α, β to zero.
β

∂Λ N 1 N  ti   ti 
~ = ∑ ~ + ∑ln  ln  =0
∂β i=1 β i=1 α~  α~ 
~ ~N
β
Nβ
β
∂Λ
 ti 
= −∑ + ∑ln  = 0
∂α~ i=1α~ α~ i=1 α~ 

(2.13)
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The ML estimates are
~

N

β
∑(ti ) lnti

1
1N
=
−
∑lnti + i=1N ~
~
β
β N i=1
∑(t )
i=1

i

(1 β~)

 1  N β~ 
~
α =   ∑(ti ) 
 N i=1 

(2.14)

~
β is achieved by iterative technique like Newton Raphson method. Once is
achieved,

α~

can be determined from equation (2.14). Through out this work, Weibull ++

is used to calculate the ML estimates of Weibull distribution parameters.

2.9 Failure Time Percentiles

Once the Weibull distribution parameters are obtained, the failure time
percentiles can be derived from the following equation:

t p = L [− ln (1 − p )]1

~

β

(2.14)
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Where tp is the time-to-breakdown for which a sample will fail with a probability of
failure p, and L (V, T, f) is the function of applied stress. If p = 0.50, then tp = t, the
median life by which half samples fail.

CHAPTER III
LIFE MODELS
3.1 Introduction

This chapter details the various approaches in practice for studying the insulation
breakdown and estimating the insulation lifetimes of polymeric insulating materials in the
form of magnet wires used in several electrical and electronic equipment. One method
requires the physical, chemical tests to be performed on the insulating material, which
help in the development of mathematical models as a function of lifetime. Mathematical
models, which explain the rate of degradation, are developed by relating the lifetime of
the insulation to the length of trees formed in the insulation bulk as a result of the treeing
mechanism. The other approach is the usage of statistical analysis of failures that are
attributed to the breakdown of the insulation samples when subjected to life tests.

3.2 Breakdown Mechanism

Figure 3.1. Mechanisms of Failure and Variation of Breakdown strength in solids with
time of stressing
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3.2.1 Intrinsic Breakdown
The intrinsic breakdown is accomplished in times of the order of 10-8 sec and has
therefore been postulated to be electronic in nature. The stresses required for an intrinsic
breakdown are well in excess of 106 V/cm. The intrinsic strength is generally assumed to
be reached when electrons in the insulator gain sufficient energy from the applied field to
cross the forbidden energy gap from the valence to the conduction band. In pure
homogeneous dielectric materials the conduction and the valence bands are separated by
a large energy gap, and at room temperature the electrons cannot acquire sufficient
thermal energy to make transitions from valence to conduction band. The conductivity in
perfect dielectrics should therefore be zero.

Figure 3.2 Rates of Energy Gain and Loss
For steady state conditions the energy equation for conduction electrons may be written
as
A (E, T, α) = B (T, α)

(3.1)
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Where l.h.s represents the rate of energy gain by electrons from the field, and the r.h.s,
the rate of energy transfer from the electrons to lattice. T is the lattice temperature and α
describes the conduction of electrons.

3.2.2. Electromechanical breakdown
Substances, which can deform appreciably without fracture, may collapse when
the electrostatic compression forces on the test specimen exceed its mechanical
compressive strength. The compression forces arise from the electrostatic attraction
between surface charges, which appear when the voltage is applied. The pressure exerted
when the field reaches about 106 V/m may be several kN/cm2. Following Stark and
Garton, if d0 is the initial thickness of a specimen of material of Young’s modulus Y,
which decreases to a thickness of d (m) under an applied voltage V, then the electrically
developed compressive stress is in equilibrium with the mechanical compressive strength
if
V2
d 
ε 0ε r 2 = Y ln 0 
2d
d 
or
V 2 = d2

(3.1)

d 
ln 0 
ε 0ε r  d 
2Y

Where ε 0 and ε r are the permittivity of free space and the relative permittivity of the
dielectric [29].
Differentiating with respect to d we find that the above expression has maximum
when d/d0 = exp [-1/2]=0.6. Therefore, no real value of V can produce a stable value of
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d/d0 less than 0.6. If the intrinsic strength is not reached at this value, a further increase in
V makes the thickness unstable and the specimen collapses. The highest apparent strength
is then given by [29]
Ea =

 Y 
V
= 0.6 

d0
 ε 0ε r 

(3.2)

3.2.3 Thermal breakdown
When insulation is stressed, because of conduction currents and dielectric losses
due to polarization, heat is continuously generated within the dielectric. In general, the
conductivity ( σ ) increases with temperature, conditions of instability are reached when
the rate of heating exceeds the rate of cooling and the specimen may undergo thermal
breakdown. The situation is illustrated graphically in which the cooling of a specimen is
represented by the straight line and the heating at various field strengths by curves of
increasing slope. Field (1) is in equilibrium at temperature T1, field (2) is in a state of
unstable equilibrium at T2 and field (3) does not reach a state of equilibrium at all.

Figure 3.3. Thermal Stability or Instability under Different Applied Fields
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3.2.4 Erosion Breakdown
Practical insulation systems often contain cavities or voids within the dielectric
materials or on boundaries between the solid and the electrodes. These cavities are
usually filled with medium (gas or liquid) of lower breakdown strength than the solid.
Moreover, the permittivity of the filling medium is frequently lower than that of the solid
insulation, which causes the field intensity in the cavity to be higher than in the dielectric.
Accordingly, under normal working stress of the insulation system the voltage across the
cavity may exceed the breakdown value and may initiate breakdown in the void.

Figure 3.4.Electrical Discharge in cavity and its Equivalent Circuit

Cb =
Cc =

ε 0ε r A
d −t

ε0 A

(3.3)

t

The voltage across the cavity is
Vc =

Cb
Va =
Cc + Cb

Va
1 d

1 +  − 1
εr  t


(3.4)

Therefore the voltage across the dielectric, which will initiate discharge in the cavity, will
be given by
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1 d

Vai = Ecbt 1 +  − 1

 εr  t

(3.5)

In practice a cavity in a material is often nearly spherical, and for such a case the internal
field strength is

Ec =

3ε r E
3E
=
ε rc + 2ε r
2

(3.6)

for ε r >> ε rc , where E is in the average stress in the dielectric, under an applied voltage

Va when Vc reaches breakdown value V+ of the gap t, the cavity may breakdown. The
sequence of breakdowns under sinusoidal alternating voltage is illustrated in the figure.
The dotted curve shows qualitatively the voltage that would appear across the cavity if it
did not break down. As Vc reaches the value V+, a discharge takes place, the voltage Vc
collapses and the gap extinguishes. The voltage across the cavity then starts increasing
again until it reaches V+, when a new discharge occurs. Thus several discharges may take
place during the rising part of the applied voltage. Similarly, on decreasing the applied
voltage the cavity discharges as the voltage across it reaches V –[29].

Figure 3.5. Sequence of Cavity Breakdown under Applied Voltage
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3.3 Single Stress Life Models

Single stress life models include the inverse power law, exponential law for
electrical stress and the Arrhenius model for thermal stress. These life models are
developed on the basis of one stress acting at any given instant. Their disadvantage is that
they cannot account for multistress (voltage, temperature, and other environmental
factors) acting simultaneously [25,26].
Electrical stress developed as a result of applied voltage plays a decisive role in
degrading the insulation. There are two types of electrical stress life models, the inverse
power model and the exponential model. The parameters are determined from the
experimental data. Experiments are performed at several high levels of voltage while
remaining test conditions are maintained constant throughout the experiment. Electrical
life models mathematically describe the aging mechanism in a solid dielectric insulation
that experiences an electric stress. These life models do not account for the exact type of
aging mechanism that takes place inside insulation. They only relate the rate of insulation
degradation as power or exponential decay.

3.3.1 Inverse Power Law
The inverse power law model is quite extensively used in the aging studies when
the operating stress is electrical stress. The inverse power law model is given by:

L(V ) = kV −n

(3.7)
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Where L, the time-to-breakdown, is Weibull scale parameter α at 63.2 % probability of
failure. There is no necessary condition that L is the time-to-breakdown at 63.2 %
probability failure, it can be time-to-breakdown at any other probability failure. V is the
applied voltage, and k and n are constants to be determined for the specific insulation
material. The inverse power law model is valid only if the data represented on a log-log
graph fits a straight line.

3.3.2 Exponential Law
The other electrical life stress model, which is used quite extensively in aging
studies, is the exponential life model. The exponential life model is given by:

L(V) =ce−bV

(3.8)

Where L, the time-to-breakdown, is the Weibull scale parameter α at 63.2 % probability
of failure. There is no necessary condition that L is the time-to-breakdown at 63.2 %
probability failure, it can be time-to-breakdown at any other probability failure. V is the
applied voltage, and c and b are constants to be determined for the specific insulation
material. The exponential model is valid only if the data represented on a semi-log graph
fits a straight line.

3.4 Thermal Stress Life Model: Arrhenius Model

Thermal stress plays a major role in the degradation of insulation. The Arrhenius
equation is used to describe the insulation life when subjected to thermal stress. The
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parameters are determined by conducting the experiments at several different high
temperatures while remaining test conditions are held constant. The measured test data is
represented in the form of a Weibull plot and if the data fits a straight line, the required
adequacy is achieved.

 B
L(T ) = A exp 
T 

(3.9)

Where, L is the time-to-breakdown, T is the absolute temperature, and A, B are constants
to be determined experimentally.

3.5 Multistress Life Models

Most multistress life models that are in existence and used widely in aging studies
are able to explain the effect of electrical and thermal stress acting simultaneously. A few
multistress life models include Simoni’s, Ramu’s, and Fallou’s [25-28]. These models are
developed on the basis of multiplicative law. These models are developed by the
multiplication of single stress life models. Both Simoni’s and Ramu’s electrical-thermal
life models were developed on the basis of the interaction of inverse power law model
and Arrhenius relationship, which is given by:

 B
L(V , T ) = KV −n exp 
T 

(3.10)

Where, L is the time-to-breakdown, T is the absolute temperature, and K, B, and n are
constants to be determined experimentally.
Similarly, Fallou’s electrical-thermal life model is based on the electrical exponential life
model.
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B

L (V ,T ) = C exp  AV + 
T


(3.11)

Where, L is the time-to-breakdown, T is the absolute temperature, and C, A, and B are
constants to be determined experimentally. All the above models were independent of
probability. Montanari first developed a multistress life model based on probability.
Montanari’s life model is based on the inverse power law model.

L p (V ,T ) = Ls (V Vs )n [− ln (1 − p )]exp(1/ β )

(3.12)

Where Lp is a lifetime at probability p, Ls is a time-to-breakdown at reference voltage
Vs, and β is the shape parameter.
These life models were developed to cater to the needs of the simple dielectric
system involving polymer films or slabs. There are life models in existence to explain the
effect of multistress on the lifetime characteristics of electrical insulation used in complex
systems like rotating machines. In existing life models, the number of stress factors
acting simultaneously are limited due to the time involved in measuring the failure data.
Existing life models are an expensive approach generally as the number of stress factors
increase it is very difficult to simulate practical test conditions.

3.6 Estimating Life Model Constants

Previous sections in this chapter discuss various single and multistress life
models. These models are mathematical formulas and the associated parameters are
determined from the results obtained through life tests performed at different stress
levels. Once the parameters are determined, the life at any particular stress level is
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estimated. The parameters can be calculated either by graphical technique or by
analytical technique.

3.6.1 Graphical Technique
Two different plots are required when graphical technique is employed to
calculate the life parameters. The first plot is used to represent the time-to-failure data
measured at each stress level, and thus shape and scale parameters are estimated from the
plot. Once these parameters are estimated from the probability plotting method, a second
plot is generated between lifetime versus stress on a plotting paper, which linearizes the
assumed lifetime-stress relationship. For example, a log-log graph linearizes the inverse
power law, a semi log paper linearizes the exponential model, and a log-reciprocal
linearizes the Arrhenius relationship. The lifetime characteristic can be any characteristic
and any percentile, such as 10% lifetime, the scale parameter, the mean lifetime, etc. The
parameters of the lifetime-stress relationship are then estimated from the second plot by
solving for the slope and intercept of the line.
•

Graphical technique is quite time-consuming approach in the determination of
parameters.

•

Probability plotting paper cannot always linearize the failure data.

•

The underlying error increases since the parameters are obtained from small test
data.
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•

The estimated parameters were assumed to be constant varies when the test is
repeated. Confidence intervals on the estimated parameters cannot be estimated
using the graphical technique.

3.6.2 Analytical Technique
Analytical techniques are based on regression analysis. Regression analysis is
about fitting a line through two or more variables in order to explain the dependency of
one or the others. Parameters of a life model can be determined using regression analysis.
Regression analysis is classified to into two categories namely linear regression and nonlinear regression analysis. There are two different types of linear regression in use. Single
linear regression (SLR) is used to estimate the parameters of single stress life models. In
most cases, multiple linear regression (MLR) is used to estimate the parameters of
multistress life models and sometimes MLR is used for complex single stress life models.
Nonlinear regression methods are employed in cases where life models contain
thresholds below which no aging phenomena occur. These nonlinear models are quite
complex to analyze, which deters non-statisticians from using them to calculate
parameters [48]. For this reason, most life models assume that the threshold is close to
zero so that conventional regression analysis can be used to calculate the parameters [1].
The MLR method tries to linearize the life model into the following form:

y

=

a

0

+

a

1

x

1

+

⋅ ⋅ ⋅ +

a

k

x

k

(3.13)
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Where y is a dependent variable (life, or a mathematical transformation of life), xk is
independent stress, and a0 , a1 ,......ak is the constants to be determined. The least squares
method is one method to estimate the regression constants in a multiple linear regression
model. The least squares technique involves finding the values of the constants that
minimize the difference between the predicted lifetime under a set of stress conditions
and the actual lifetime measures under the same conditions. By relating a “characteristic ”
life of the underlying probability distribution to the aging stress, a set of mathematical
equations can be used to calculate the parameters. The observations

(x

i1

, x i2 ,....., x ik , y i )

y i = a 0 + a1 x i1 + a 2 x i2 + ....... + a k x ik

(3.14)

k

= a 0 + ∑ a j x ij
j =1

i= 1,2,…, n
The least square function is:
k


J = ∑  y i − a 0 − ∑ a~ j xij 
i=1 
j =1

n

2

(3.15)

a0 , a1 ,......an are constants to be determined.

The function J is to be minimized with respect to

∂J
∂a 0
∂J
∂a j

a o ,a1 ,a 2 ,..., a k

a~o ,a~1 ,a~2 ,..., a~k

n
k


= −2 ∑  y i − a~0 − ∑ a~ j xij  = 0
i=1 
j =1


(3.16)
n
k


= −2 ∑  y i − a~0 − ∑ a~ j xij xij = 0
i=1 
j =1


for j = 1,2,...,k

38

The above-mentioned equations on simplification using the least squares normal
equations are obtained.
n
n
n
n
na~0 ,+ a~1 ∑ x i1 + a~2 ∑ x i2 + ... + a~k ∑ x ik = ∑ y i
i =1

n

i =1

n

i =1

i =1

n
n
a~0 ∑ x i1 + a~1 ∑ x i2 + a~2 ∑ x i1 x i2 + ... + a~k ∑ x i1 x ik = ∑ x i 1 y i
2

2

n

i =1

i =1

i =1

.
.
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.

.

.
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.
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.

.
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.

(3.17)

n
n
n
n
n
2
2
a~0 ∑ x ik + a~1 ∑ x ik x i1 + a~2 ∑ x ik x i2 + ... + a~k ∑ x ik = ∑ x ik y i
i =1

i =1

i =1

i =1

i =1

Generally, the solution to k + 1 normal equations will be the least square
estimators of the regression parameters a0, , a1 ,.....ak of the multistress life model. The

normal equations can be solved by any method appropriate for solving a system of linear
equations. The matrix method is a convenient way to solve the multiple linear regression
problems [1]. For k parameters and n observations, the model relating the parameters to
the dependent variable yn can be expressed in matrix notation as:
Y = XA

(3.18)

Where,

 y1 
y 
 2
y =  .  =,
 
. 
 yn 

a0 
a 
 1
A =  . ,
 
. 
ak 

1
1

X = .

.
1

x11 x12 ... x1k 
x11 x12 ... x1k 
. . . . 

. . . . 
xn1 xn 2 ... xnk 

In general, y matrix is an (n × 1) vector of the observations, X matrix is an (n × k)
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matrix of the levels of stresses, and A matrix is a (k ×1) vector of the regression

constants. The least squares estimators A is the solution for A matrix that minimizes:
J = (y – XA)’ (y – XA)
By setting

∂J
= 0.
∂A

~
X ' XA = X ' y

(3.19)

Equation (3.16) is the least squares normal equations in the matrix form, which is
identical to the scalar form of the normal equations given in Eq (3.15). The least squares
estimators A is obtained by multiplying both sides of Eq. (3.18) by the inverse of XX.

~
−1
A = (X ' X ) X ' y

(3.20)

Computers are used in calculating MLR calculations. Commercial packages are
available in market, which can be readily used to perform the calculations. They can also
be used to plot stress versus lifetime.
This work follows the analytical method to estimate the parameters of the
multistress model. MLE is used for estimating the model parameters. An accelerated Life
Testing Analysis (ALTA) statistical computer package is used in this work to estimate
the parameters of the proposed life model of the MW insulation.

CHAPTER IV
COMBINED WEIBULL-LIFE MODEL

4.1 Introduction

When the graphical technique is used to estimate the parameters of accelerated
life test models, one must follow two steps. The first step is to draw a probability plot for
obtaining the parameters for life distribution. Next step is to obtain parameters of the life
models by linearizing the stress-life relationship. The disadvantage of using this
technique is its inability to linearize all models. As a result of its inability, analytical
techniques came into existence. In analytical techniques, the least squares method is used
to find the parameters of life models. Even this method has disadvantages. Estimating the
parameters results in error since one cannot observe high number of failures at each stress
level. There is no common shape parameter and thus it is obtained by average of shape
parameter obtained at each stress level. These uncertainties cannot be qualified. Two
electrical-thermal life models were developed at Mississippi State University High
Voltage Laboratory and they are verified in this work.
Life distribution can be combined with life model relationships, into one
statistical model by including the life model into a pdf of the life distribution of failure
data. The parameters of the combined model are estimated using the combined likelihood
function (L). A common shape parameter (β) is estimated from the combined model, thus
eliminating the uncertainties of averaging the individual shape parameters at each stress
level. An added advantage of using this combined Weibull life model is its ability to
represent any uncertainties in the form of confidence intervals. The ML parameter
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estimation tries to determine the parameters that maximize the probability of life data.
Moreover, these uncertainties are quantifiable as they are obtained on the basis of overall
model. MLE is a very powerful tool in estimating the parameters of life models, as this
method is independent of any kind of probability ranks or a plotting method.

4.2 Maximum Likelihood Estimation of Combined Weibull-Life Model

Two-parameter Weibull distribution pdf given below is used in life data analysis
to explain the wide scatter in failure data:

 β  t 
f (t ; α , β ) =    
 α  α 

β −1


exp  −


β
 t  
  
 α  

(4.1)

Where t is the time-to-breakdown, α is the scale parameter (usually lifetime at 63.2%
probability failure), and β represents the slope (scatter) of the Weibull distribution. The
parameters of the combined life model are obtained by setting the scale parameter α = L
(V, T) for the electrical-thermal multistress life model. This chapter contains single and
multistress combined life models. The inverse power law of the electrical life model and
exponential-Arrhenius of the electrical-thermal life model are used as examples to show
the procedure for deriving parameters of the combined Weibull-life model [1].

4.3 Parameter Estimation of the Weibull–IPL Model using MLE Method

Substituting the IPL electrical life model into the Weibull-Log-Likelihood
function yields [1]:
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Where
M: is the number of electrical life test groups
N: is the number of times-to-breakdown in jth life test
Vj: is the jth life voltage
ti: is the ith time-to-breakdown in the jth group
~

β : is an estimate of the Weibull shape parameter
~
K = 1/k, k is the IPL Parameter

~
n : is the second parameter of IPL
~ ~
The ML estimates of the parameters can be found by solving for β , K , n~ such that
∂Λ
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4.3.1 Electrical-Thermal Life Model
Combined model when voltage and temperature are the accelerated stresses in a
test, developed at Mississippi State University High Voltage Laboratory is given by [1]:

 A B
L(V , T ) = C exp + 
V T 

(4.6)

Where
L: is the lifetime at 63.2% probability of breakdown
V: is the voltage
T: is the temperature
C, A, and B are constants to be determined by analyzing the combined voltagetemperature life data
Equation (4.6) can be linearized by applying natural logarithm. Plotting the
lifetime versus either of the stresses, V or T, and keeping the other one constant can
obtain a set of linear curves. B represents the slope of the linearized Arrhenius equation
when the voltage is constant and A represents the slope of the exponential electrical
function model when the temperature is constant.
Suppose that lifetime is a random variable, the above model can be converted into a
probabilistic model by setting the scale parameter α of the Weibull distribution equals to
L(V,T) of Eq.(4.6). Therefore, assuming the time-to-breakdown of the electrical

insulation under combined electrical and thermal stresses, is statistically distributed
according to a Weibull distribution, then the Weibull pdf can be written as
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 B
L(V , T ) = K exp .T − n
V 

(4.7)

Where
L: is the lifetime at 63.2% probability of breakdown
V: is the voltage
T: is the temperature
K, B and n are constants to be determined by analyzing the combined voltagetemperature life data

4.3.2 Parameter Estimation of the Weibull-Electrical-Thermal Life Model Using MLE
The combined Weibull-electrical-thermal model has four parameters to be
estimated using the joint voltage-temperature life data. Using the MLE method, the loglikelihood function of the combined Weibull-electrical-thermal pdf is given by[1]:
~

~
~
~
~ 
~   β −1 


t
 β~ exp −  A + B  ~l exp −  A + B   .

V

V

C
M P N
 i Tj 
 i T j  C


Λ = ln (L ) = ∑ ∑ ∑ ln
~
−1
β
j −1 i =1 l =1


~ 

 ~

 exp −  t l exp −  A + B  

V
 C~



 i Tj 



Where:
M: is the number of electrical life test groups at voltage Vi
P: is the number of electrical life test groups at temperature Tj
N: is the number of times-to-breakdown in jth electrical-thermal life test
Vi: is the ith life voltage at jth life temperature

(4.8)
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Tj: is the jth life temperature at the ith life voltage
tl: is the lth time-to-breakdown in the jlth group
~

β : is an estimate of the Weibull shape parameter
~
C : is an estimate of a parameter of the combined E-T life model

~
A : is an estimate of a parameter of the combined E-T life model
~
B : is an estimate of a parameter of the combined E-T life model
The parameter estimates can be found by solving:

∂Λ
∂Λ
∂Λ
∂Λ
~ = 0, ~ = 0, ~ = 0, ~ = 0
∂B
∂β
∂C
∂A
Where

~ ~ 
A
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B
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∂B j−1i=1 l =1 β j−1i=1 l =1 C
 Vi T j  
~

~ ~ 
~ ~ β 
 tl
A
A
t
B
B
l



∑∑∑ ~ exp−  +  ln ~ exp−  +  
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 Vi T j    C
 Vi T j  
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4.4 Failure Lifetime Percentiles

Once the combined Weibull-Lifetime model parameters are obtained, the failure
time percentiles can be derived as follows:
~

1β
~
t p = k V −n [− ln(1 − p )]

(4.13)

~
~
k ,n~,and β are the ML estimates of k, n, and β of the combined Weibull-IPL model.
Likewise, for the combined Weibull-Electrical-Thermal model, the lifetime percentile is
given by

(

)

~
~
~
~
t p = C exp A / V + B / T [− ln (1 − p )]1 / β

(4.14)

~ ~ ~ are the ML estimates of C,A,B and β of the combined WeibullWhere C~, A
, B, β
Electrical-Thermal model.

CHAPTER V
TEST PROCEDURE

5.1 Introduction

Accelerated test techniques are used in this work, as this method is found to be a
better solution, which saves time as opposed to testing under normal test conditions
where

time-to-failure is very high of the order of few years or decades. The test

technique used in this work is simple. It uses high temperature, pulse voltages, and
frequency to obtain time-to-breakdown in shorter time. Later, time-to-breakdown under
normal operating conditions is calculated using life models. In this work, accelerated life
tests are performed on two different AWG 43 gauge magnet wires. One is Polyesterimide
insulated magnet wire and the other is estersol insulated magnet wire. Both magnet wires
are single build class H coated magnet wires. Table 5.1 represents the dimensions of
magnet wire used in this study.
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Table 5.1: Dimensions of Magnet Wires Under Study
Dimensions

AWG 43 Magnet Wire

Bare Wire Diameter

53.34 µm

Insulation Thickness

7.62 µm

Max Overall Wire Diameter

68.58 µm

5.2 Test Setup

Standard twisted pairs of magnet wire samples are used in this work. The magnet wire is
twisted in to a U shape, which has around 70 turns. The ends of the magnet wire are
separated and are placed in the test chamber. One end is grounded and other end is
supplied with the pulse voltage. The two leads of magnet wire on the other side are left
floating.

Fig.5.1. Twisted Pair Magnet Wire
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5.3 Accelerated Life Test System (DTS –1500A)

DTS –1500A test system is used in this work to perform accelerated life tests.
This test system simulates electrical and thermal stresses that appear in high frequency
switching devices, and thus it can be used to test the premature failure of magnet wire
insulation used for electrical insulation in high frequency switching devices.
A typical dielectric test system is shown in Fig. 5.2. The test system is
categorized into three basic modules. The first module is master computer (control
computer) with second module being the high voltage unit and oven is considered to be
the third module.
The master computer contains Graphical User Interface (GUI), used to control the
test conditions through General Purpose User Interface Bus (GPIB). The high voltage
module contains GPIB interface, and it is this interface that receives commands from
control computer. Other components inside the high voltage unit include pulse generator,
five ± 1600 V pulse modules, positive and negative high voltage DC, and support power
supplies. The oven is used to provide airflow to dissipate ozone developed due to the
corona discharges during the testing.

Fig. 5.2: DTS - 1500A
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The dielectric test system is capable of holding five test samples simultaneously.
Test parameters like frequency, voltage, temperature, rise time, duty cycle and master
control computer can control pulse width. Each channel can be enabled or disabled. All
channels share voltage, frequency, and temperature. Peak to peak voltage can be as high
as 3200V, frequency varies from 200Hz to 40 kHz, and temperature can be varied from
ambient to 180 C, duty cycle from 0% to 95%.

5.4 Test Procedure

Twisted pair test samples are placed inside the oven. Test data is collected by
performing tests on magnet wires at elevated temperatures of 1000 C, 1550 C, and 1800 C,
at frequencies of 25 kHz and 40 kHz, and pulse voltage of 1200 V, 1400 V, and 1600 V
respectively. All these tests were carried out at a duty cycle of 16%. A rise time of 200 ns
is used in the test. When a sample fails, the channel is disabled, and the failure
information is logged into a text file. Logging information into a text file is possible only
when DTS-1500A is operated in remote mode. If it is operated in local mode, logging
information into text file is impossible because when the test system is in local mode
operation, the control computer does not interact with the GPIB.

CHAPTER VI
RESULTS AND DISCUSSION

6.1 Weibull Probability Plots for Estersol Insulated MW AWG 43

The lifetime distribution and characteristics obtained by the electrical-thermalfrequency stress are illustrated in Figs. 6.1–6.8. These figures show the Weibull
distribution of the failure times corresponding to a voltage of 1200 V, 1400 V, and 1600
V, temperatures of 100, 155, and 1800 C and frequency 25 and 40 kHz. The plots show
the effect of temperature, frequency, and voltage on the Weibull failure times. In these
figures, the points are plotted according to the median ranks and the line is drawn
according to the maximum likelihood solutions. It can be seen that the maximum
likelihood estimation method is totally independent of any cumulative probability ranks
approximation or probability plotting method and in no way suggests that the solution is
wrong.
Figures 6.1-6.8 give information about Weibull parameters namely scale
parameter and shape parameter. The time-to-failure measured through accelerated life
tests are represented in an ascending order in calculating median rank plotting positions.
The plotting position depends on the total number of samples used for conducting life
tests.

The

median

rank

plotting

positions
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are

obtained

from

Eq.

2.3.
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Fig. 6. 1: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 1200 V and 25 kHz

Fig. 6.2: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 1200 V and 40 kHz
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Fig. 6. 3: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 1400 V and 1000 C

Fig. 6.4: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 1400 V and 1550 C

Fig. 6.5: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 1400 V and 1800 C
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Fig. 6.6: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 25 kHz and 1000 C

Fig. 6.7: Weibull Probability Distribution of Failure Times of Estersol Insulated
MW AWG 43 at 40 kHz and 1000 C
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Fig. 6.8: Weibull Probability Distribution of Failure Times of Estersol
Insulated MW AWG 43 at 25 kHz and 1550 C
Figures 6.1-6.8 show the Weibull probability distribution of the failure times at different
frequencies and temperatures and at 1200 V. Figures 6.1-6.8 also show that at this
voltage, the probability to failure increases with increasing the pulse frequency and at
high temperatures. This is a result of dielectric losses that increase with frequency.
Similarly, Figures 6.9-6.13 show the temperature-time characteristics (T-t C/C)
that indicate the variation of the lifetime of magnet wire insulation with temperature. The
T-t characteristics where obtained at voltages of 1200, 1400, and 1600 V and at 25 and 40
kHz respectively. At a specific frequency and voltage, the T-t characteristic indicates that
the lifetime of the insulation declines with the increase of temperature in the insulation
bulk. The reduction in lifetime is prominent at higher voltages.
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Fig. 6.9: T-t Characteristics of Estersol Insulated MW AWG 43 at 25 kHz
Pulse Frequency

Fig. 6.10: T-t Characteristics of Estersol Insulated MW AWG 43 at 40 kHz
Pulse Frequency
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Fig. 6.11: T-t Characteristics of Estersol Insulated MW AWG 43 at 1200 V

Fig. 6.12: T-t Characteristics of Estersol Insulated MW AWG 43 at 1400 V

Fig. 6.13: T-t Characteristics of Estersol Insulated MW AWG 43 at 1600 V
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The T-t characteristics show that the failure times vary depending on the applied
voltage and pulse frequency. The aging of the insulation is the result of heat losses, which
depend on the frequency and voltage.

6.2 Lifetime Characteristics of Air Insulated MW AWG 43

Figures 6.14-6.16 show voltage-time characteristics (V-t C/C) of the magnet wire
insulation at pulse frequencies (25 kHz and 40 kHz) and temperatures (100, 155, and
1800 C).
The V-t characteristics show the lifetime of the insulation decrease with
increasing applied voltage stress on the insulation, particularly at high temperatures. They
also indicate that the breakdown voltage of the insulation decreases with time as a result
of aging.

Fig. 6.14: V-t Characteristics of Estersol Insulated MW AWG 43 at 1000 C

59

Fig. 6.15: V-t Characteristics of Estersol Insulated MW AWG 43 at 1550 C

Fig. 6.16: V-t Characteristics of Estersol Insulated MW AWG 43 at 1800 C
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The V-t characteristics shown in Figures 6.14-6.16 suggest two possible aging
phenomena. Aging of the insulation is dominated by dielectric losses, which increase
with frequency.

As a result, aging is faster at higher frequencies.

Other possible

mechanism strongly believed to aging of the insulation is partial discharge. Partial
discharge activities are believed to become dominant at lower pulsating frequencies as
the pulse duration increases when decreasing the frequency at a fixed duty cycle (16 %).

6.3 Electrical-Thermal Life Model

The electrical-thermal life model is given in Eq. (6.1) and Eq. (6.2) are obtained.
Model 1:
 A B
L(V , T ) = C exp + 
V T 

(6.1)

The life model discussed above is combined with Weibull distribution. The model
parameters β, C, A, and B are estimated using the maximum likelihood estimation.

Table 6.1: Parameter Estimates of Electrical-Thermal Life Model for Estersol
Insulated Magnet Wire
Model Parameter
β
C
A
B

Values
0.9156
0.0276
12150
777.7
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Model 2:
 B
L(V , T ) = K exp .T − n
V 

(6.2)

This model is a combination of Weibull distribution, electrical, exponential, and
inverse temperature relationships. The model parameters β, K, B, and n are estimated
using the maximum likelihood estimation after combining it with Weibull distribution.
Estimates of these parameters are given in table 6.2

Table 6.2: Parameter Estimates of Electrical-Thermal Life Model for Estersol Insulated
Magnet Wire
Model Parameter
β
K
B
n

Values
0.9152
1.37E+4
12143
1.846

The life model discussed above is combined with Weibull distribution. The model
parameters β, C, A, and B are estimated using the maximum likelihood estimation.

Table 6.3: Failure Lifetime Percentiles for Estersol Insulated Magnet Wire AWG 43
% P Percentile
1.0 %
10.0 %
63.2 %
90.0 %
99.0 %

Model 1
2.7350
23.517
184.54
396.16
747.30

Model 2
3.0580
26.260
205.99
441.94
833.43
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6.4 Electrical-Thermal-Frequency Life Model for MW AWG 43

A general multistress life model, which includes the effect of temperature, pulse
voltage, and frequencies of 25 and 40 kHz, is verified in this work. This life model is an
interaction of the exponential electrical-thermal life model (Eq. 5.2) and frequency
inverse power law and is as follows (Eq. 5.3):

 A B
L(V,T, f ) =Kf m1+m2 V exp  + 
V T 

(6.3)

In Eq. (6.3), L is the lifetime (in hours) at 63.2% probability failure, V is the
voltage in Volts, T is the temperature in Kelvin, and f is the pulse frequency in Hz. The
parameter estimates K, A, B, m1, and m2 are constants to be determined using the
experimental data. ALTA software is used in this work to estimate the parameters and
they are obtained by the use of multiple linear regression technique. The life model is
converted into probabilistic model by combining electrical – thermal - frequency life
model in Eq. (6.3) with Weibull distribution and thus common shape parameter β is
obtained minimizing the errors that might have incurred due to averaging of shape
parameters at each stress level.
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Table 6.4: Parameters Estimated of Electrical-Thermal-Frequency Life Model for
Estersol Insulated MW AWG 43 Under Pulse Voltage
Model Parameters

Parameter Estimates

β

0.915

K

4.5965E-14

A

34141.5

B

2183.37

m1

0.5814

m2

-1165.0

The lifetime percentiles at 25, 40 kHz and at 800 V and 1550C were calculated
using the electrical-thermal-frequency model as given in Eq. (6.3).
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Table 6.5. Lifetime percentile estimated of estersol insulated MW AWG 43 under pulse
Voltage 800 V and temperature 428 K (155 0C)
%P

Life Estimate (Hours)

Percentile

25 kHz

40 kHz

1.0%

3.1352

2.6870

10.0%

26.905

23.079

63.2%

210.936

180.94

90.0%

452.670

388.309

99.0%

853.659

732.286

From the results tabulated in tabulated in table 6.3 and table 6.5 we can observe that the
lifetime percentiles estimated for estersol insulated MW AWG 43 under pulse voltage is
close. So the life model described in Equation 6.3 is valid.

6.5 Weibull Probability Plots for the Electrical-Thermal-Frequency Life Model
for Polyesterimide Insulated MW AWG 43

The lifetime distribution and characteristics obtained by the electrical-thermalfrequency life model are illustrated in Figs. 6.17-6.21. These figures show the Weibull
distribution of the failure times corresponding to a voltage of 1200 V, 1400 V, and
1600 V, temperatures of 100, 155, and 1800 C and frequency 25 and 40 kHz. The plots
show the effect of temperature, frequency, and voltage on the Weibull failure times.
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Fig. 6.17: Weibull Probability Distribution of Failure Times of Polyesterimide
Insulated MW AWG 43 at 1400 V and 25 kHz

Fig. 6.18: Weibull Probability Distribution of Failure Times of Polyesterimide
Insulated MW AWG 43 at 1400 V and 40 kHz
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Fig. 6.19: Weibull Probability Distribution of Failure Times of Polyesterimide
Insulated MW AWG 43 at 1400 V and 1000 C

Fig. 6.20: Weibull Probability Distribution of Failure Times of Polyesterimide
Insulated MW AWG 43 at 1400 V and 1550 C

Fig. 6.21: Weibull Probability Distribution of Failure Times of Polyesterimide
Insulated MW AWG 43 at 1400 V and 1800 C
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6.6 Lifetime Characteristics of the Electrical-Thermal-Frequency Life Model for
Polyesterimide Insulated MW AWG 43

Figures 6.22-6.24 show the voltage-time characteristics (V-t C / C) of the magnet
wire AWG 43 at multistress conditions. Multistress in this work is meant to be different
temperatures (100, 155, and 1800 C) and pulse voltages (1200V, 1400 V, and 1600 V) at
pulse frequencies of 25 and 40 kHz respectively. The V-t characteristics show the
lifetime of the insulation decreases with increasing applied voltage and temperature.

Fig. 6.22: V-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1000 C
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Fig. 6.23: V-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1550 C

Fig 6.24: V-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1800 C
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Similarly, Figures 6.25 – 6.28 show the temperature-time characteristics (T-t C /
C) of magnet wire AWG 43. These characteristics provide a way to analyze the effect of
temperature on the lifetime of AWG 43 magnet wire insulation in the presence of other
voltage and frequency stress. The T-t characteristics shown in Figures 6.24-6.26 were
obtained at peak voltages of 1200 V, 1400 V, and 1600 V, and frequencies of 25 kHz and
40 kHz respectively at different temperatures (1000 C, 1550 C, and 1800 C).

Fig. 6.25: T-t Characteristics of Polyesterimide Insulated MW AWG 43
at 25 kHz

Fig. 6.26: T-t Characteristics of Polyesterimide Insulated MW AWG 43
at 40 kHz
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Fig. 6.27: T-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1200 V

Fig. 6.28: T-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1400 V

Fig 6.29: T-t Characteristics of Polyesterimide Insulated MW AWG 43 at 1600 V
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Table 6.6: Parameter Estimates of Electrical-Thermal Life Model for
Polyesterimide Insulated Magnet Wire (Model 1)
Model Parameter
β
C
A
B

Values
1.4374
3.4133E-5
1.2027E+4
3984.8852

Table 6.7: Parameter Estimates of Electrical-Thermal Life Model for
Polyesterimide Insulated Magnet Wire (Model 2)
Model Parameter
β
K
B
n

Values
1.4302
1.582E+25
1.1999E+4
9.7294

Table 6.8: Failure Lifetime Percentiles for Estersol Insulated Magnet Wire AWG 43
% P Percentile
1.0 %
10.0 %
63.2 %
90.0 %
99.0 %

Model 1
0.4580
13.439
341.16
1131.93
3065.65

Model 2
0.469
13.969
348.93
1150.77
3101.15

72

6.7 Electrical-Thermal-Frequency Life Model for Air Insulated MW AWG 43

The advantage of electrical-thermal-frequency life model is it takes into
consideration, frequency as a stress factor apart from pulse voltage and temperature. A
general multistress life model, which includes the effect of temperature, pulse voltage,
and frequency, is verified. This life model is an interaction of the exponential electricalthermal life model and frequency inverse power law and is as follows:

L (V ,T , f ) = Kf

m1 +m2 V

 A B
exp + 
V T 

(6.4)

In the above equation, L is the lifetime in hours at 63.2% probability failure, V is
the voltage in Volts, T is the temperature in Kelvin, and f is the pulse frequency in Hz.
The parameter estimates K, A, B, m1, and m2 are constants to be determined using the
experimental data. ALTA software is used in this work to estimate the parameters and
they are obtained by the use of least square technique. The common shape parameter β is
estimated by averaging the values of shape parameters corresponding to the test
frequencies 25 and 40 kHz.
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Table 6.9: Parameters estimated of electrical-thermal-frequency life model for
Polyesterimide insulated MW AWG 43 under pulse voltage
Model Parameters

Parameter Estimates

β

1.43

K

2.56E-37

A

50633.67

B

16776.36

m1

0.6124

m2

-1274.8

The lifetime percentiles at 25, 40 kHz and at 800 V and 1550C were calculated
using the electrical-thermal-frequency model as given in Eq. (6.3). The results are
tabulated in Table 6.9.
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Table 6.10: Lifetime percentile estimated of Polyesterimide insulated MW AWG 43
under Pulse voltage, 800 V and temperature 428 K (155 0C)
%P
Percentile

Life Estimate (Hours)
25 kHz

40 kHz

1.0%

0.435

0.359

10.0%

12.536

10.344

63.2%

312.99

258.278

90.0%

1032.06

851.649

99.0%

2780.86

2294.74

From the results tabulated in tabulated in table 6.8 and table 6.10 we can observe that the
lifetime percentiles estimated for Polyesterimide insulated MW AWG 43 under pulse
voltage are in agreement. So the life model described in Equation 6.4 is valid.

6.8 Comparison of Lifetime Characteristics of Polyesterimide and Estersol Insulated
Magnet wires

A comparison of lifetime characteristics of Polyesterimide and Estersol Insulated
magnet wires is shown in Figures 6.30 and 6.31. Figure 6.31 shows the V-t characteristics
of the Polyesterimide and Estersol Insulated magnet wires.
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Fig. 6. 30: V-t Characteristics of Estersol and Polyesterimide Insulated Magnet
wires
The V-t characteristic shows that Polyesterimide insulated magnet wire AWG 43 can
withstand higher voltages than Estersol insulated magnet wires. Figure 6.31 shows the
V–t characteristics of the Polyesterimide and Estersol Insulated magnet wires. The T-t
characteristic shows that Polyesterimide insulated magnet wire AWG 43 can withstand
higher temperatures than Estersol insulated magnet wires.
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Fig. 6. 31: T-t Characteristics of Estersol and Polyesterimide Insulated Magnet
Wires

CHAPTER VII
CONCLUSIONS

7.1 General Conclusions

The idea behind this work is to verify and check the accuracy of new electricalthermal models and electrical-thermal-frequency life models. The new electrical thermal models verified in this work are combined Weibull life models. The advantages
of using combined Weibull life models help find the lifetime of magnet wire electrical
insulation at desired stress with accuracy. Lifetime characteristics of two different magnet
wires are included in this work.
To start with, twisted pair samples are placed inside the oven and test is carried
out at accelerated test conditions. The time-to-failure is measured for each sample and
probability plot is developed at each stress level on eleven samples in each test case.
Scale and shape parameters are determined from the probability plot. Later life stress plot
is generated to linearize the life stress relationship. The parameters of the life models are
estimated by using MLE technique. ALTA software is used to determine the parameters
of the life models in this work.
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Following life models were verified in this work:

•

Electrical-Thermal Life Model
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•

Estimated parameters for AWG 43 Estersol Insulated MW is given in Table 6.1
and Table 6.2

•

Estimated parameters for AWG 43 Polyesterimide Insulated MW is given in
Table 6.4 and Table 6.5

•

Electrical-Thermal-Frequency Life Model

 A B
L(V ,T , f ) = Kf m1+ m2 V exp + 
V T 
•

Estimated parameters for AWG 43 Estersol insulated MW using the above life
model is given in Table 6.3

•

Estimated parameters for AWG 43 Polyesterimide insulated MW is given in
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Table 6.4

•

Accelerated test conditions used in this work to obtain early time-to-breakdown
and later use of life models to calculate the time to breakdown at normal operating
conditions or any desired stress seems to be accurate from the results obtained.

•

There is a wide scatter in the measured time-to-breakdown. Weibull distribution is
used to represent the scatter in the time-to-breakdown.

•

Very little improvement in the accuracy of the results by testing large number of
samples. The disadvantage with testing large number of samples is the gain in
accuracy is much less when compared with the loss of time and cost.

•

The effect of frequency on pulse voltage is modeled by the inverse power law
m = m1 + m2 / V, where m is a frequency power constant.

•

Lifetime of magnet wire insulation calculated using different electrical-thermal,
electrical-thermal-frequency life model seems to be in agreement with each other.
Thus accuracy of life models is verified.

•

Magnet wire insulation failure can be attributed to localized dielectric heating.

80

•

Partial discharge developed in between turns when the turn-to-turn voltage
exceeds the partial discharge inception voltage.

•

Failure in insulation can also be the result of micro voids, impurities on the
magnet wire.

•

Unexpected lifetime characteristics are a result of heat losses, which increase with
frequency.

•

Polyesterimide insulated magnet wire has higher life time than estersol insulated
magnet wire at identical stress factors.

7.2 Future Work

•

To study the effect of partial discharge on the insulation degradation of magnet
Wires.

•

Perform accelerated life tests on magnet wires with mechanical stress as an aging
factor apart from electrical, thermal, and frequency as an aging factor.

•

To study the effect of dc and ac on the insulation degradation of magnet wires.
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